The extensive use of reinforced materials in the construction industry has raised increased concerns about their safety and durability, while corrosion detection of steel materials is becoming increasingly important. For the scientific management, timely repair and health monitoring of construction materials, as well as to ensure construction safety and prevent accidents, this paper investigates corrosion detection on construction materials based on piezoelectric sensors. At present, the commonly used corrosion detection methods include physical and electrochemical methods, but there are shortcomings such as large equipment area, low detection frequency, and complex operation. In this study an improved piezoelectric ultrasonic sensor was designed, which could not only detect the internal defects of buildings while not causing structural damage, but also realize continuous detection and enable qualitative and quantitative assessment. Corrosion detection of reinforced building materials with piezoelectric sensors is quick and accurate, which can find hidden dangers and provide a reliable basis for the safety of the buildings.
Introduction
Rebar refers to a steel material used in the production of reinforced concrete and prestressed reinforced concrete, which are widely used in a variety of building structures. Due to the influence of ribs and the bonding capacity of concrete, deformed bars can better withstand external forces and are commonly used materials for large, heavy, and high-rise building structures. However, the safety of buildings can be affected by construction quality, environmental erosion, material aging, and other factors. Once a building is affected by these factors, damage will occur, bringing economic loss and security threats. Therefore, it is vital to perform corrosion detection. At present, many experts and scholars have carried out related research. Elbatanouny et al. 1 performed early corrosion detection in prestressed concrete girders using acoustic emission. Bertolini et al. 2 introduced the main characteristics of chloride electrochemical behaviour of steel in polluted concrete based on the Tuutti model, described the electrochemical test in alkaline solutions of simulated concrete pore fluids, and discussed the tests of bars embedded in concrete (or mortar) samples. Simmers et al. 3 conducted detection of corrosion using piezoelectric impedance-based structural health monitoring. The use of piezoelectric ultrasonic sensor for corrosion testing of reinforced concrete, as presented in this paper, can effectively compensate for the lack of traditional detection technologies, realize real-time monitoring of the construction situation, and achieve early damage and corrosion degree assessment with reliability, safety and good application values. Compared to the other equipment previously put forward, it enables qualitative and quantitative assessment, as well as continuous detection without causing damage to the architecture.
2 Theoretical study of corrosion detection
Corrosion of steel bars
Reinforcement materials are widely used in modern construction because of their low cost and good durability. Reinforced concrete 4 has high compressive strength and good tensile strength, with good bonding power and similar coefficients of thermal expansion between rebar and concrete, and has gradually become an important part of modern building materials. However, in the course of use, steel corrosion 5 problems are constantly emerging. When chloride ions and carbon dioxides in the external environment intrude into the steel structure, the passivation film on the surface of the steel will be damaged, and an anode and a cathode will be formed on the surface, which, together with oxygen and moisture, will cause corrosion. Taking chloride ions as an example, once entering the steel material, they would accelerate the corrosion process rather than be consumed. Corrosion causes the cross-section of the steel bars to reduce, which weakens their bearing capacity as well as the bond between the rebar and concrete. Besides, the expansion of the corrosion product's volume will lead to cracks in the surrounding concrete, which will severely affect the durability and suitability of the structure.
Corrosion detection
Therefore, it is necessary to carry out corrosion detection 6 to acquire timely corrosion situation of buildings, assess durability and safety of buildings, and take appropriate maintenance measures. Commonly used detection methods include physical and electrochemical methods, but they all have some flaws. Physical methods, such as the resistance method, are applicable only in the detection of severe corrosion of steel bars and cause damage to the structure, while the measurement accuracy is low; the electrochemical method 7 is a commonly used detection method, which provides quantitative information on the corrosion rate. Therefore, piezoelectric sensors are applied to detect corrosion of steel bars in this study, which can achieve real-time and long-term on-line monitoring of corrosion, determine the location of the damage and the specific stage of corrosion, and provide an effective basis for building safety.
Application design of piezoelectric ultrasonic sensor in reinforced concrete
The designed piezoelectric ultrasonic sensor 8 is mainly composed of transmitting type piezoelectric ultrasonic sensor and receiving type piezoelectric ultrasonic sensor. The transmitting type piezoelectric ultrasonic sensor takes PZT (lead zirconium titanate) piezoelectric ceramic 9 as the piezoelectric element and uses modified acrylic adhesive to bond wires and piezoelectric elements. In the design, an acoustic matching layer is added between the sensor and the working medium, which is a composite material composed of cement, epoxy resin, and curing agent, and can effectively reduce the reflection of sound waves and protect piezoelectric components, with a thickness of a quarter that of the acoustic wavelength. A backing layer is added to the rear of the piezoelectric element in order to absorb excess sound waves and enhance the signal energy. The structural design of the receiving type piezoelectric ultrasonic sensor takes cement-based piezoelectric composite material 10 as the piezoelectric component to receive external acoustic signals, which is basically the same with the transmitting type piezoelectric ultrasonic sensor. Using the sensor to send pulse waves of a certain frequency to the reinforced concrete structure, ultrasonic waves will be affected by the internal corrosion of the reinforced concrete and produce some changes, which can be collected for analysis to obtain the corrosion situation inside the reinforced concrete.
3 Corrosion detection with piezoelectric sensor 3.1 Experimental materials and devices
Experimental materials
The reinforced concrete used in this experiment was provided by Sichuan Deyang Jiatai Cement Products Co., Ltd. The mixing ratio of concrete water : cement : sand : stone was 0.46 : 1 : 1.87 : 3.29. Here, the G-85 steel was selected. All factors of test block I and test block II are the same, both of which were prepared for use after 30 days of maintenance. The NaCl solution with a mass fraction of 5 % was used for corrosion treatment.
Experimental devices
An ultrasonic detector was applied to collect the ultrasonic signals of the piezoelectric ultrasonic sensor. A waveform generator 11 (33500B series, Keysight) was applied as a pulse generator to excite the ultrasonic sensor to produce the corresponding ultrasonic pulse wave. A digital oscilloscope 12 (RTB2000, Rohde & Schwarz) was used to collect the ultrasonic signal of the sensor and upload it to the computer for further analysis.
Experimental methods
The reinforced concrete test piece I was put into the NaCl solution, the positive pole of the power source was connected with the wire connecting the reinforcing bar, and the negative electrode was connected with the graphite rod in the solution. The transmitter and receiver sensors pasted at both ends of the bar were connected to the waveform generator and the digital oscilloscope, respectively, while the other channel was connected by wires. The frequency was adjusted to 100 kHz, and the transmit electric potential was adjusted to the maximum so that the digital oscilloscope could clearly display the ultrasonic waveforms. The supply potential was 2V. After the power supply was energized, the test started and the data was collected every hour. When the test piece I had obvious cracks, the test stopped. For a more comprehensive monitoring of the corrosion of steel bars, we carried out a second experiment. Using the ultrasonic velocity to construct the damage variables, the quantitative results of the corrosion of the concrete structure were obtained. The reinforced concrete test block II was immersed in NaCl solution, onto which the piezoelectric ultrasonic sensor was placed. DC power supply was adopted for current output. The positive electrode was connected with the steel bar, and the negative electrode with the copper rod to generate the current loop. The quality of the specimen was measured before and after the experiment. The damage condition of the concrete was detected by monitoring the change in the sensor signals. Firstly, the ultrasonic signals were collected when the reinforced concrete was in good condition. The reinforced concrete was then damaged by adding the applying load step by step 13 to collect the acoustic signals at all stages under these conditions. By observing and recording the changing trend in signal parameters received by the sensor during the damage process, the quantitative relationship between the ultrasonic signal and the damage of the reinforced concrete was analysed, and the results confirmed that piezoelectric ultrasonic sensors were feasible and effective for corrosion detection.
Experimental results
As shown in Fig. 1 , with the increase in corrosion time, the number of ultrasonic signals also gradually increased.
At the beginning of the corrosion, the number of signals barely showed an increase. In the 3 rd hour of corrosion, the signal number increased at a fast speed, which slowed down during the 4 th and 8 th hour of corrosion. In the 9 th hour of corrosion, the signal number showed a sharp increase, where the rust products reached a certain amount and continued to expand, leading to cracks inside the reinforced concrete and an increased number of ultrasonic signals. This suggested that by analysing the changes in the ultrasonic signal with time, it was possible to obtain the information of the degree and amount of corrosion of the steel material. Corrosion of steel will cause cracks in concrete. According to a previous study 14 , when the frequency is greater than 20 kHz, the linear elastic isotropic cylindrical ultrasonic wave velocity is: (1) Assuming that the damage is made up of microcracks, the damage degree of the rebar material can be obtained by constructing the damage variable with ultrasonic waves, and the longitudinal wave velocity of the damaged material is: (2) Then, the damage degree of reinforcing bar materials can be obtained with the following equation:
where D refers to damage degree, E refers to elastic modulus 15 under reinforcement material damage conditions, ρ refers to density 16 under damage conditions, ν refers to Poisson's ratio, v 1 refers to longitudinal ultrasonic wave in an intact test block, and v 0 refers to longitudinal wave velocity under damage conditions. As shown in Fig. 2 , under different damage degrees, the frequency of the ultrasonic signal received by the piezoelectric ultrasonic sensor in reinforced concrete was different. When the load was not applied, the resonant amplitude of the intact reinforced concrete was increasing, and the received signal had the highest amplitude at 100 kHz; when the maximum load (50 N mm −2 ) was applied, cracks appeared on the surface of the reinforced concrete and the amplitude of the resonance reduced by half compared to that before applying the load. Therefore, the damage degree of reinforced concrete can be determined according to the frequency amplitude situation. When a current loop is generated and steel corrosion appears, the quality of the steel will decrease to some extent. According to the Faraday theorem, it is found that the amount of corrosion is a function of electric potential, current, and energization time.
Furthermore, the relationship between the quality loss of corroded steel bars and the amplitude growth rate of ultrasonic signals was studied. Quality loss of steel corrosion can be expressed by the following equation:
As shown in Fig. 3 , there was a correlation between the rate of increase in amplitude and the quality loss of steel bars. With the increase in the quality loss of steel bars, the growth rate of ultrasonic amplitude also increased. The higher the ultrasonic signal amplitude, the greater the value of D. When the mass loss reached about 1.5 g, the growth rate tended to slow down, where steel and concrete has completely separated. In the beginning of the corrosion of steel bars, according to the continuous increase in ultrasonic amplitude, the situation of corrosion could be determined. When the steel and concrete had basically separated, the amplitude no longer grew, indicating that the piezoelectric ultrasonic sensor could effectively determine the stage of steel corrosion. 
Conclusion
This study confirms that by applying the piezoelectric sensor to carry out corrosion detection on reinforcement building materials, the real-time online collection of ultrasonic signals can be realized. According to the signal amplitude changes, the corrosion situation and damage degree of steel materials can be determined in order to make a reliable assessment of the safety of buildings. However, apart from the previously mentioned various advantages, ultrasonic sensors also have some shortcomings, such as single directionality of sending and receiving, which cannot meet the requirement of a more complex corrosion situation in the natural environment. Hence, further studies need to be conducted in the near future. 
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